Only recently has the significance of ions on the germination of spores been emphasized. Results reported by Levinson and Sevag (1953) and Hyatt and Levinson (1961) indicated that ions play a role in germination. Rode and Foster (1962a, b) found that a wide diversity of organic and inorganic compounds which possess ionic properties elicited germination of Bacillus megaterium spores. They claimed that nonionic compounds, such as glucose, did not cause germination in the absence of ions, and they proposed a central role for ions in spore germination and a secondary, augmentative role for other compounds such as glucose, L-alanine, and inosine.
A proper ionic environment is essential for the production of heat-resistant spores. Requirements for several divalent cations, especially calcium and manganese, have been confirmed repeatedly (Murrell, 1961) . On the other hand, it has been shown that high concentrations of phosphate in the sporulation medium result in reduced thermal resistance of spores of B. coagulans (El-Bisi and Ordal, 1956; Amaha and Ordal, 1957) . Moreover, Levinson and Hyatt (1964) found that the germination rate of B. megaterium spores in glucose is decreased when the spores are produced in the presence of high concentrations of phosphate. Effects on thermal resistance and germination due to inorganic ions other than phosphate have not been studied extensively.
Objectives of the present study were to characterize some effects of inorganic ions on spore germination and to evaluate effects of certain ions, when added to the sporulation medium, on the resulting spores. Effects of ionic species and concentration on germination, and the essentiality for an organic compound, e.g., Lalanine, were of particular interest. The finding that germination responses of B. subtilis spores are highly sensitive to the ionic environment prompted a study of ionic influences in the sporulation medium. Effects of high concentration of sodium chloride and calcium chloride in the FLEMING AND ORDAL sporulation medium on germination, heat resistance, and calcium and dipicolinic acid (DPA) contents of the resulting spores were determrrined.
MIATERIALS AND METHODS
Organism and m(.ethod of production. The test organism was a laboratory isolate (Lechowich and Ordal, 1962) and was verified as B. subtilis (strain L) after physiological and morphological characterizations according to Smith, Gordon, and Clark (1952) . Spores were produced on a modified thermoacidurans agar (TAM) (Lechowich and Ordal, 1962) . The medium was inoculated with a heat-treated (10 min at 80 C) spore suspension (ca. 2 X 108 spores per 15-cm plate). After incubation at 45 C for specified times, the surface growth was freed with cold sterile distilled water and transferred to 250-ml glass centrifuge bottles. The spores were washed 11 times or more with cold sterile distilled water by intermittent shaking (4 to 12 hr on a rotary shaker) and lowspeed centrifugation (ca. 1,000 X g for 1 hr) at 3 C. When the spores were harvested from the plates after fewer than 6 days of incubation, many spores remained in the sporangia. In such instances, the spores were suspended in 0.05% lysozyme plus 0.1 N KCl and were shaken overnight at 3 C, which resulted in free, refractile spores. Such suspensions then were washed in the usual manner.
Germination. Germination was evaluated by measuring the decrease in optical density (OD) at 640 m,4 of spore suspensions containing ca. 5 X 108 refractile spores per ml (OD, ca. Loss of refractility as determined by phase darkcontrast optics (1,250x, Zeiss microscope) was used to evaluate the extent of germination in certain instances, and served as a check on turbidimetric changes. Heat resistance. Survivor curves were established by following the changes in population of heated spores with time. A 1-ml amount of stock spore suspension was pipetted into 50-ml screw-capped Erlenmeyer flasks containing 24 ml of preheated sodium phosphate buffer (2.5 X 10-2 M, pH 7.0). The flasks were shaken in an oil bath (95 C) equipped with a reciprocating shaker. After specified time intervals, samples were removed and cooled, and serial dilutions were plated on modified thermoacidurans agar (Lechowich and Ordal, 1962) . The plates were counted after 24 hr of incubation at 45 C. Thermal resistance was expressed as the time, in minutes, required to inactivate 99% of the population, and was interpolated from the plot of log80 number of survivors versus minutes of heating at 95 C.
Analyses. Dry weights of spore suspensions were determined on samples containing approximately 15 to 40 mg (dry weight). The samples were dried in tared Vycor crucibles by heating for 20 hr at 100 C, and were subsequently cooled in a desiccator and weighed.
Spore samples were assayed for calcium by the spectrophotometric procedure of Fleming and Ordal (1964) .
DPA in spore hydrolysates was determined by the method of Janssen, Lund, and Anderson (1958) . The hydrolysates were prepared by hydrolyzing spores in 0.1 N HCl at 120 C for 1 hr and centrifuging to remove the insoluble material.
RESULTS
Ionic effects on germination. It was established that spores of B. subtilis (strain L) germinated rapidly in the presence of 5 X 10-3 M L-alanine, L-a-amino-n-butyric acid, or L-valine, and a proper ionic environment. In the presence of 10-2 M sodium phosphate buffer and any of the above amino acids, germination resulted at temperatures of 30 to 50 C (optimum, ca. 45 C) and at pH 5 to 9 (optimum, ca. pH 8.0). Spores that had been harvested from the growth medium after 6 days of incubation at 45 C and subsequently held at 3 C in distilled water for 8 months were used to characterize the effects of various ions on germination. Such spores required no "heat-shock" treatment when germinated under the previously mentioned conditions. Preliminary studies indicated that little or no germination occurred in 10-M L-alanine or in 10-1 M sodium phosphate (Fig. 1) . In the presence of both of these components, germination was rapid and dependent on optimal concentrations of L-alanine and sodium phosphate. Sodium chloride, although not as active as sodium phosphate, also exhibited a synergistic effect with L-alanine. In a favorable ionic environment, e.g., 10-2 M sodium phosphate (pH 7.0), concentrations of L-alanine as low as 5 X 10-4 M supported a maximal rate of germination.
Spores (1010 per ml) were incubated in 10-1 M solutions (pH 7.0) of NaCl, Na2HPO4-NaH2PO4, and CaCl2 at various temperatures to learn whether germination would occur in inorganic ions alone after prolonged incubation (Table 1) . Germination (phase microscopy) occurred in NaCl and Na2HPO4-NaH2PO4 at 45 C but not at 24 or 3 C. This temperature effect was consistent with the temperature optimum found for germination with Na2HPO4-NaH2PO4 in the presence of L-alanine. Essentially no germination occurred in deionized water or in the CaCl2 solutions at any of the temperatures tested.
The data presented in Fig. 2 demonstrate the effect of ionic species and concentration on the germination of spores in 10-s M L-alanine. Germination of spores in some buffered salt solutions is illustrated in Fig. 2A . Sodium phosphate was more active than either tris(hydroxymethyl)-aminomethane (tris) or ammonium acetate buffers, especially at low concentrations. About 50% of the phosphate ion is divalent at pH 7, and the increased ionic strength may account in part for its greater effect on germination (but not entirely, since sodium sulfate was less active).
The stimulatory effects of several monovalent anions on germination are represented in Fig. 2B . Differences in germination were due to the anion, since the sodium salt was used for all. The effect of concentration for all the salts was similar up to the point of apparent inhibition. Sodium fluoride was inhibitory at concentrations above 10-1 m, whereas inhibition by the other four salts did not become apparent until concentrations above 1.0 M. In these studies, all reagents were adjusted to pH 7.0 with NaOH before mixing, so as to standardize initial conditions. However, with 10-4 M salt solutions, the final pH of the reaction rnixture at 45 C was pH 7.0 (i 0.2); with 101 M salt solutions, the final pH was 6.4 (±0.2). This change in pH probably was due to the base exchange properties of spores (Alderton and Snell, 1963 Representative effects of divalent cations are illustrated in Fig. 2D . The sluggish effect of calcium and barium indicated either a lower activity or possibly an inhibitory effect. Other cations, Cd, Mn, Sr, and Mg showed a similar effect, although Cd and Mn indicated apparent inhibition at a lower concentration. When NaCl was added to the CaCl2 test solutions, it was found that the response was similar to that for NaCl alone (Fig. 2D ). This indicated that calcium was not inhibitory at low concentrations, but simply was not as active in stimulating germination.
Inhibitory effects of divalent cations were studied by adding these cations to systems known to be conducive to germination, e.g., 10-' M Lalanine plus either 10-1 M NH4C2H302, pH 6.8 (system A), or 10-2 M tris and 10-1 M NaCl, pH 7.0 (system B) ( Table 2 ). The reduced germination (30 min of incubation at 45 C) that occurred when the divalent cations were present as compared with when they were not added was used as the criterion for inhibition (see Materials and Methods). Alkaline earth metals were inhibitory at 5 X 10-l M but only slightly so at 10-l M and below (with the exception of barium). The insolubility of manganese and cadmium salts at pH 7 precluded testing these metals at concentrations greater than 5 X 10-2 M. The data indicate that these metals were inhibitory at lower concentrations than were the alkaline earth metals.
Effect of incubation time before harvest on spores. Although refractile spores were present after 48 hr of incubation at 45 C, the properties of these spores were altered upon prolonged incubation. Heat resistance of the spores increased through 6 days of incubation (Table 3) . Although calcium and DPA contents were appreciable after 2 days of incubation, there was some increase in these components with longer incubation times. There was a marked increase in heat resistance between the fourth and sixth days of incubation, which paralleled an increase in molar ratio, Ca-DPA, from about 1 to about 1.2. These data are consistent with the findings of Levinson, Hyatt, and Moore (1961) and Lechowich and Ordal (1962) , which indicated that a higher Ca-DPA molar Germination response of these spore crops to L-alanine was evaluated (Fig. 3) . The aged spore suspension used for studying the effect of ions on germination was tested for comparison. Spores harvested after 2 days of incubation germinated at a slow rate, whereas the rate increased progressively for spores incubated up to 6 days. Preheating the spores for 5 min at 80 C or for 1 hr at 60 C did not alter the initial rate of germination in L-alanine. However, the spores were viable and would germinate on a complete medium, as evidenced by incubation on TAM agar at 45 C for 24 hr. Viable counts of the spore suspensions approximated direct microscopic counts.
Effect of ions in the sporulation medium. Spores were grown on TAM agar, supplemented with NaCl and CaCl2 as indicated in Table 4 . Additions of NaCl to the sporulation medium exerted little apparent effect on calcium uptake or DPA synthesis by the spores. However, higher concentrations of NaCl resulted in a lowering of heat resistance regardless of whether the medium was supplemented with calcium. Addition of CaCl2 to the sporulation medium caused a greater uptake of calcium, but had little effect on DPA content. Again, a higher Ca-DPA molar ratio of the spores was associated with a higher heat resistance, although the effect was not so great as was noted in Table 3 . There was a striking repression on the germination of spores which were produced on TAM containing additional NaCl, this repression being Effect of incubation time in the sporulation medium before harvest on the germination rate of Bacillus subtilis spores. Suspensions contained 103 M L-alanine and 10-2 M sodium phosphate (pH 8.0). Symbols: 0, spores harvested after 2 days at 45 C, held at 3 C for 1 month; 0, spores harvested after 3 days at 45 C, held at 3 C for I month; A, spores harvested after 4 days at 45 C, held at 3 C for 1 month; A, spores harvested after 6 days at 45 C, held at 3 C for 1 month; [1, spores harvested after 12 days at 45 C, held at 3 C for 1 month; *, spores harvested after 6 days at 45 C, held at 3 C for 8 months.
increasingly greater from 10-1 to 1.0 M NaCl (Fig. 4) . However, when 5 X 10-2 M CaCl2 was incorporated into the media, all of the spore crops germinated rapidly and at about the same rate regardless of the NaCl concentration in the sporulation medium. Again, preheating the spores did not increase the initial rate of germination. Rode and Foster (1962a, b) suggested that ions serve a primary role in spore germination, and that compounds such as L-alanine, inosine, and glucose serve to augment the effect of ions. The inability, in the present study, to demonstrate rapid germination of B. subtilis spores with L-alanine in solutions of low ionic strength, whereas germination occurred slowly in the presence of certain inorganic ions alone, provides support for the above suggestions. It seems equally likely that ions may function in an indirect or synergistic role. The fact that germination resulted in solutions of inorganic ions alone only after prolonged incubation and was temperature-dependent suggests the involvement of enzymatic activity. Rode and Foster (1962a) reported that preheated spores (60 C for 10 min) of B. megaterium QM B1551 germinate rapidly in the presence of certain inorganic ions. However, it has since been reported that B. megaterium QM B1551 spores will not germinate rapidly in solutions of ions alone unless preheated (Jaye, 1964; Levinson and Hyatt, 1964) . It has been suggested that organic substances may be released within the spore during heating (Levinson and Hyatt, 1964) and aging (Lee, 1962) , which could serve as germinants in a suitable ionic environment. Also, a free amino acid pool in spores has been demonstrated (Young, 1959) .
Several possibilities exist which could explain the role(s) of ions during geimination. A proper ionic environment is necessary for optimal activity of many enzymes (Dixon and Webb, 1958) , and such enzymes might be activated under proper ionic conditions. Such a possibility is consistent with the synergistic action of Lalanine and ions on germinationi of B. subtilis spores as found in this study. Rode and Foster (1962a) proposed that organic molecules (e.g., L-alanine) function by facilitating the access of ions to their site of action. However, the possibility that ions alter the structure of the spore to an extent that allows the organic compound to function seems equally reasonable. Alderton and Snell (1963) (lemonstrated that spores possess base exchange properties and sugogested that ions may indirectly affect metabolic activity by causing a change in the cation load of the spore, allowing greater hydration of the spore to a point at which metabolic activity can begin.:>. The wide range of ionic species capable of supporting germination and the rather high ionic strength required for the maximal rate of germination suggest that the ionic effect is involved in a physical-chemical rather than catalytic role. However, the germinating efficacies among ionic species appear to vary greatly among spores of different organisms. For example, phosphate was the most active ion, whereas the alkaline earth metal chlorides were practically inactive in supporting germination of the B. subtilis spores used in this study. In contrast, Rode and Foster (1962a) found that B. megaterium QM B1551 spores germinate in solutions of alkaline earth methal chlorides, whereas germination did not occur in phosphate solutions. There is some indication that ionic charge is a significant factor influencing uptake of electrolytes by spores (Gerhardt and Black, 1961) . Thus, permeability factors may contribute to the apparent diversity among organisms of germination responses to ionic environments.
As a working hypothesis, we have interpreted the ionic effects on germination of spores on the basis of the mechanism proposed by Riemann (1961) . Riemann assumed a SPORE STRUC-TURE-Ca-DPA or ENZYME-Ca-DPA complex to be present in dormant spores, and that such a complex is involved in dormancy. He reasoned that this complex could be disrupted through binding of the calcium by chelating agents, such as ethylenediaminetetraacetic acid, DPA, and amino acids, thus leading to germination. Also, CaDPA could cause germination by binding spore DPA, with the formation and subsequent release of [Ca(DPA)2 ]=. The binding potential of calcium (and other divalent cations) with DPA, and the approximately equal molar concentrations of these components in spores are consistent with the structure assumed by Riemann (1961) . Furthermore, the ready release of calcium, DPA, and peptides during germination (Powell, 1957) suggests that these components may be associated within the intact spore. Electron paramagnetic resonance data have indicated the possibility that DPA-metal chelates exist within spores (Windle and Sacks, 1963 ). Riemann's (1961) mechanism for germination may be extended to include germination with ions, both mono-and multivalent, assuming that a complex similar to that illustrated in Fig. 5 is involved in dormancy. Skovlin (1960) . The constant for the CaDPA-X bond is unknown, but most likely is less than that for the bonding of calcium and DPA, based on stability constantsfor calcium-amino acid chelates (Chaberek and Martell, 1959) . Since metal chelates are equilibria of polyvalent ions, the stability constants are markedly dependent on the ionic strength (Raaflaub, 1956; Chaberek and Martell, 1959) . Therefore, the reversible bonding as illustrated in Fig.  5 should be influenced by the ionic environment. It has been established that the stability constant for the CaDPA chelate is lowered in the presence of monovalent icns, as well as phosphate. For example, log KcODPA is 5.2 at 10-2 M NH4C2H302 and 3.7 at 1.0 M NH4C,2H02 (Fleming, 1963) .
Increased ionic strength could favor greater dissociation of the chelated structure. Once dissociated, the formation of [Ca(DPA)2 ]= could result, a complex that conceivably could have important properties. This complex, because of its negative charge, might be expected to have a greater solubility in water than CaDPA, and be repulsed by neighboring negative charges. The charged complex might be able to permeate the spore wall, whereas CaDPA, being neutral in charge, might not. Although the equilibrium is still in favor of CaDPA, once [Ca(DPA)2 ]= is removed from the dormant spore, structural specificity is lost, and the probability for return of CaDPA to juxtaposition is negligible, resulting essentially in a one-way reaction. Structural alterations and perhaps release of critical enzymes could allow enzymatic activity involved in further germinal changes.
The increasing rates of germination occurring (Hitzman, 1956) , and is of practical significance in the food industry (Jensen, 1954) . High concentrations (10-1 to 1.0 M) of sodium chloride in the sporulation medium of B. subtilis resulted in spores of lowered heat resistance and lowered rate of germination. El-Bisi and Ordal (1956) suggested that the repression on heat resistance of spores produced in high concentrations of phosphate may be due to formation of a calcium phosphate complex, rendering calcium less available for spore formation. However, the fact that monovalent ions in the sporulation medium also resulted in spores of lowered heat resistance indicates that ionic influences during sporulation are more general in nature. The presence of added calcium in the medium, in addition to sodium chloride, resulted in spores with a higher calcium content. However, the heat resistance of spores produced in the presence of 1.0 M sodium chloride and added calcium was only slightly higher than when calcium was not added. Thus, limitations of calcium content of the spores did not appear to be a major factor involved in the repression of heat resistance due to sodium chloride.
The fact that spores produced on the basal medium supplemented with calcium germinated rapidly, whether sodium chloride was added or not, while germination was retarded when only sodium chloride was added, is of interest especially in view of findings by Levinson (1961) and Levinson and Hyatt (1964) . Levinson (1961) found that B. megaterium spores germinated in glucose without "heat-shock" when they were produced in a medium supplemented with calcium. Germination in L-alanine decreased as the calcium content of the growth medium was increased (Levinson and Hyatt, 1964) . Phosphate in the growth medium (5 X 10-3 to 10-1 M) had no effect on the germination rate of spores in Lalanine, but the germination rate in glucose was dramatically decreased (Levinson aind Hyatt, 1964) .
It is becoming more evident that the ionic environment, like heretofore more obvious variables such as temperature and pH, must be carefully considered when seeking optimal conditions for specific spore responses. Furthermore, characterization and comparison of the effects of ions on the many types of spores may aid in attaining a clearer and more unified understanding of the bacterial spore and its unique but highly variable properties.
